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ABSTRACT 
A comple te ly  mixed, expanded-bed, anaerobic  g ranu la r  a c t i v a t e d  carbon 
f i l t e r  was operated on s y n t h e t i c  wastewaters i n  which ace ta te  was t he  o n l y  
o rgan i c  carbon source. S teady-s ta te  performance was achieved f o r  two 
i n f l  uen t  ace ta te  concen t ra t ions :  namely, 800 and 1,600 mg/L. Steady-s tate 
removal e f f i c i e n c i e s  i n  chemical oxygen dema~d, d i sso l ved  o rgan ic  carbon, 
and a c e t a t e  exceeding 96, 97, and 98 percen t  were obta ined,  r e s p e c t i v e l y .  
A  s teady-s ta te  b i o f i l m  k i n e t i c  model was employed f o r  ana l yz i ng  the  two 
se t s  of "s teady-s ta te "  da ta .  The model ing e f f o r t  was successfu l  i n  
d e s c r i b i n g  t rends and e f f e c t s ;  however, i n s u f f i c i e n t  data were a v a i l a b l e  
t o  p r o p e r l y  ca l  i b r a t e  t h e  model and o b t a i n  re1  i a b l e  va lues f o r  t he  
paramet r i c  cons tan ts .  
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1.  INTRODUCTION 
The inc rease  i n  energy c o s t  i n  r e c e n t  years makes energy- 
i n t e n s i v e  wastewater t reatment  processes undes i rab le .  Convent ional  
aerob ic  b i o l o g i c a l  t rea tment  i s  energy i n t e n s i v e  because o f  t he  need f o r  
oxygen t r a n s f e r  and t h e  management o f  l a r g e  volumes o f  b i o l o g i c a l  s o l i d s .  
Anaerobic processes, on t h e  o t h e r  hand, a r e  energy e f f i c i e n t  s i n c e  they 
r e q u i r e  no oxygen, produce ve ry  1  i t t l e  b i o l o g i c a l  so l  i d s ,  and produce a 
usefu l  by-product i n  t h e  form o f  methane gas. 
Anaerobic processes a re  u s u a l l y  l i m i t e d  by  t h e  very  low growth 
r a t e  o f  methanogenic organisms. Due t o  t h i s  l i m i t a t i o n ,  suspended growth 
anaerobic t r ea tmen t  systems r e q u i r e  ve ry  l eng thy  d e t e n t i o n  t imes (10-30 
days).  The anaerobic f i l t e r  process, which i s  an at tached growth t r e a t -  
ment system, a l l o w s  f o r  t h e  accumulat ion o f  methanogens w i t h i n  t h e  r e a c t o r  
and thereby permi ts  t rea tment  i n  much s h o r t e r  d e t e n t i o n  t imes (e.g., 1  day 
o r  1  ess) . 
Despi te  t he  advantages o f  t he  convent ional  anaerobic  f i l t e r ,  
t h i s  process has g e n e r a l l y  been unable t o  p rov ide  e f f l u e n t  qua1 i ty  s u i t a b l e  
f o r  d i r e c t  d ischarge.  Recent r esu l  t s  i n d i c a t e  t h a t  us i ng  g ranu la r  a c t i v a t e d  
carbon as t h e  at tachment medium g ives  s teady -s ta te  e f f l u e n t  q u a l i t y  equal t o  
t h a t  a t t a i n a b l e  f rom a c t i v a t e d  s ludge.  The main advantage o f  t h e  a c t i v a t e d  
carbon seems t o  be t h a t  i t  prov ides f o r  b e t t e r  at tachment and accumulat ion 
o f  methanogenic organisms. The va1 i d i t y  o f  t h i s  obse rva t i on  needs t o  be 
tes ted ,  and t he  mechanisms o f  biomass accumul a t  i o n  and improved subs t ra te  
removal need t o  be e l  uc idated.  
The o b j e c t i v e s  of t h i s  research were t o :  
a .  Tes t  t he  hypothes is  t h a t  t he  comple te ly  mixed, expanded- 
bed, a c t i v a t e d  carbon. anaerobic f i l t e r  i s  capable o f  
producing very  low s teady-s ta te  r e s i d u a l  o rgan ic  con- 
c e n t r a t i o n  when sub jec ted  t o  a  wide range o f  l oad ing  
r a t e s  . 
b .  Eva1 ua te  t he  r e l a t i v e  i n f l uences  of  r e s i d u a l  o rgan ic  
concen t ra t i on  and tu rbu lence  due t o  l i q u i d  and gas m ix i ng  
on t he  accumulat ion o f  methanogens i n  t h e  process. 
c .  Develop and eva lua te  mathematical  models t o  p r e d i c t  t he  
performance of the  process under v a r y i n g  ope ra t i ng  
cond i t i ons ,  and t o  u t i l i z e  these models t o  op t im i ze  t he  
des ign  o f  anaerobic f i  1  t e r s .  
A p i l o t - s c a l e ,  comple te ly  mixed, anaerobic  f i l t e r ,  packed w i t h  
g ranu la r  a c t i v a t e d  carbon was operated us ing  a c e t i c  a c i d  as a  feed sub- 
s t r a t e .  E f f l u e n t  r e c y c l e  was employed t o  m a i n t a i n  t he  bed i n  t h e  expanded 
mode i n  o rde r  t o  a1 low f o r  d i g e s t e r  gas re l ease  and complete m ix i ng  of t he  
r e a c t o r  con ten t s .  Th is  anaerobic fil t e r  was operated w i t h  two i n f l u e n t  
a c e t i c  a c i d  concen t ra t ions .  The purpose f o r  va ry i ng  t h e  i n f l u e n t  subs t ra te  
concen t ra t ions  was t o  assess t h e  e f f e c t s  o f  increased gas p roduc t i on  and 
biomass accumulat ion.  
2.  LITERATURE REVIEW 
Anaerobic F i l  t e r  
The anaerobic f i l t e r  i s  b a s i c a l l y  a  column f i l l e d  w i t h  s o l i d  
media and sealed f rom the atmosphere t o  m a i n t a i n  an oxygen-free env i ron-  
ment. The waste t o  be t r e a t e d  i s  d i s t r i b u t e d  across t he  bottom o f  the 
f i l t e r  and f l ows  upward so t h a t  t h e  f i l t e r  i s  comple te ly  submerged. 
Anaerobic microorganisms become at tached t o  the  f i  1 t e r  media and trapped 
i n  t h e  v o i d  spaces. As t h e  waste passes through t he  f i l t e r  i t  con tac ts  
w i t h  a  l a r g e  b i o l o g i c a l  mass and i s  s t a b i l i z e d  by t he  metabo l i c  a c t i v i t y  
o f  these microorganisms. 
The anaerobic f i l t e r  was f i r s t  s t ud ied  by  Young and McCarty 
(1969) i n  t he  t rea tment  o f  d i l u t e  s y n t h e t i c  wastes a t  ambient temperature.  
T h e i r  success, and the  i nc reas ing  c o s t  o f  energy, encouraged many inves-  
t i g a t o r s  t o  s tudy  t he  p o t e n t i a l  o f  t h e  anaerobic  f i l t e r  process f o r  t he  
t rea tment  o f  va r ious  wastes. Some o f  these r e s u l t s  a r e  summarized i n  
Table 1.  
Resu l ts  show t h a t  the  anaerobic f i l t e r  i s  s u i t e d  f o r  t h e  t r e a t -  
ment o f  d i l u t e  wastes w i t h  s h o r t  h y d r a u l i c  r e t e n t i o n  t imes a t  low temper- 
a tu res  and a t  o rgan i c  l o a d i n g  r a t e s  comparable t o  those assoc ia ted  w i t h  
t h e  a c t i v a t e d  s ludge process. Due t o  the  at tachment o f  t he  b i o l o g i c a l  
s o l i d s  on t he  media, the  anaerobic f i l t e r  does n o t  r e q u i r e  e f f l u e n t  o r  
s o l i d s  r e c y c l e .  The anaerobic f i l t e r  i s  r e s i s t a n t  t o  shock l o a d i n g  
( Jenne t t  and Dennis, 1975; Young, 1968) and can be  operated w i t h  an 
i n t e r m i t t e n t  feed  c y c l e  (Young, 1968). C la r k  and Speece (1970) found 
t h a t  the  anaerobic f i l t e r  can be operated adequately i n  t h e  pH range of 
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6-8, which i s  a wider  range than  t h a t  recommended f o r  t h e  Anaerobic d iges-  
t i o n  process. T o x i c i t y  t e s t s  conducted by Hovious e t  a l .  (1973) and 
Pa rk i n  and coworkers (1980, 1983) i n d i c a t e d  t h a t  t h e  anaerobic  f i l t e r  
a f f o rds  an advantage over  a CSTR when some types and concent ra t ions  o f  
t o x i c a n t s  a r e  present .  
General ly, t h e  anaerobic f i l  t e r  i s  b e s t  s u i t e d  f o r  t h e  t rea tment  
o f  complete ly  s o l u b l e  wastes. F i l  t e r  f a i l  u re  may occur due t o  c l ogg ing  
by accumulated s o l i d s  produced f rom c e l l  syn thes is  o r  f rom suspended 
s o l  i d s  i n  t h e  i n f l u e n t .  
Long s t a r t - u p  per iods a r e  g e n e r a l l y  r e q u i r e d  f o r  e f f i c i e n t  
waste t reatment .  The slow s t a r t - u p  1 i m i t a t i o n  may be so lved  by seeding 
t h e  f i l t e r  w i t h  a v i a b l e  c u l t u r e  o f  anaerobic organisms (Young, 1968). 
Media p r o p e r t i e s  r a t h e r  than bed p o r o s i t y  were found t o  be t he  
p r imary  f ac to r s  which a f f e c t  t rea tment  e f f i c i e n c y  ( F r o s t e l l ,  1979; Van 
Den Berg and L e a t l  , 1980). F r o s t e l l  (1979) cornpared t h e  COD removal 
e f f i c i e n c i e s  among th ree  anaerobic f i l t e r s  f i l l e d  w i t h  d i f f e r e n t  media 
having approx i rnate ly  t h e  same su r face  area. The p l a s t i c  saddl e - f i l l  ed 
f i l t e r  ( p o r o s i t y  0.9) and t h e  cerarnic Raschig r i n g - f i l l e d  f i l t e r  ( p o r o s i t y  
0.68) d i d  n o t  g i v e  b e t t e r  r e s u l t s  when compared w i t h  t he  low p o r o s i t y  
(0.42) s t o n e - f i l l e d  f i l t e r  under i d e n t i c a l  ope ra t i ng  cond i t i ons .  
Van Den Berg and Lentz (1980) found, f rom s tud ies  conducted i n  
tubes, t h a t  t h e  COD removal e f f i c i e n c y  i n  anaerobic f i l t e r s  increased 
w i t h  decreas ing r e a c t o r  d iameter .  Th i s  i s  due t o  t h e  g r e a t e r  su r f ace  
area per  u n i t  volume which t he  srnal ler  r e a c t o r s  have and which a l l o w  a 
g r e a t e r  degree of b i o l o g i c a l  growth pe r  u n i t  r e a c t o r  volume. 
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Friedman e t  a1 . (1971) f i r s t  demonstrated the possibil i t i e s  of such 
processes using an activated carbon fluidized bed reactor. J e r i s  e t  a l .  
(1 974) used a granul ar-carbon f l  ui dized-bed reactor to achieve hi gh-rate 
biological deni tr i f icat ion.  The fluidized bed process has also been 
investigated for  treating phenol i c  wastes (Hol laday e t  a1 . , 1977 ; Lee 
and Scol 1 , 1977) and soluble organic wastes (Butts, 1978) under aerobic 
conditions. The performance of fluidized bed reactors treating various 
wastes under anaerobic conditions i s  summarized in Table 2 .  I t  i s  
r~oteworthy that  th is  process i s  capable of achieving high organic removal 
percentages a t  low temperatures (1 0°C) when treating 1 ow strength wastes 
( C O D  - < 600 m g / l )  a t  short hydraulic retention times (several hours) and 
a t  high organic loading rates (> 300 1 b  COD/day/1,000 cu f t  or 48 Kg 
3 COD/day/rn ) (Swi tzenbaum and Jewel 1 ,  1978). 
The fluidized bed process overcomes the problems of the packed 
bed anaerobic f i l t e r  and includes the advantages of ( a )  greater surface 
area avai labi l i ty  for biological growth per uni t  of reactor volume, 
( b )  constant head loss,  ( c )  no danger of clogging, and ( d )  easier media 
removal procedure (Jer i  s e t  a1 . , 1974). 
The fluidized bed process i s  not without problems. Particle 
"washout" may occur as the thickness of the attached biological film 
increases. This problem may be solved by separating a portion of the 
bed from the reactor when the bed reaches a maximum level.  After removing 
excess biomass from the medium, the cleaned particles are returned t o  the 
reactor for reseeding (Barbara e t  a1 . , 1980; Su tton e t  a1 . , 1980) . 
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The bed expansion c h a r a c t e r i s t i c s  o f  f l u i d i z e d  p a r t i c l e s  w i t h  
attached m ic rob ia l  growth have been s tud ied  by Andrews and Tien (1979), 
Ngian and M a r t i n  (1980), and Tsezes and Benedek (1980). They obta ined 
expressions t h a t  r e l a t e d  the  bed expansion t o  the f l u i d  v e l o c i t y  o r  
b i o l o g i c a l  f i l m  volume i n  t he  reac to r .  
2.3 Ma themat ica l  Model s  o f  Fixed-Fi l m  Processes 
A p r e d i c t i v e  mathematical model o f  a  t reatment  process i s  very  
impor tan t  t o  engineer ing design and dec i s ion  making. I n  recent  years, 
some progress has been made on developing f i x e d - f i l m  process models. The 
f i r s t  model o f  f i xed ,  b a c t e r i a l  f i l m s  were der ived  by assuming t h a t  the 
substrate-removal mechanism i s  organic  adsorp t ion  fo l lowed by a f i r s t -  
order  sur face  r e a c t i o n  (Ames e t  a1 . , 1962). La ter ,  a  second-order, 
o rd ina ry  d i f f e r e n t i a l  equat ion t h a t  descr ibes simul taneous molecular  
d i f f u s i o n  and b i o l o g i c a l  k i n e t i c s  w i t h  a b a c t e r i a l  f i l m  o f  f i n i t e  depth 
was ernpl oyed ( A t k i  nson and Dauod, 1968; Harremoes, 1976; H a r r i s  and 
Hansford, 1976). Muel 1 e r  and Mancini (1  976) developed mathematical model s  
by neg lec t i ng  l i q u i d - l a y e r  mass t r a n s p o r t  and b i o f i l m  d i f f u s i o n .  Both 
Monod k i n e t i c s  and f i r s t - o r d e r  k i n e t i c s  were found t o  be adequate f o r  
s i n ~ u l a t i n g  s teady-s ta te  data o f  anaerobic f i l t e r s .  Mehta e t  a1 . (1972) 
developed t h e i r  model by assuming t h a t  mass t r a n s p o r t  t o  t h e  b i o f i l m  
sur face  c o r ~ t r o l  s t h e  substrate-rernoval r a t e .  W i  11 -iarnson and McCarty 
(1976), assurr~i ng a t-~ornogeneous b a c t e r i a l  1  ayer, employed the concepts o f  
subs t ra te  u t i l i z a t i o n ,  mass t ranspor t ,  and molecular d i f f u s i o n  t o  
es tab l  i s h  t h e i r  rr~odel . More recen t l y ,  R i  ttmann and McCarty (1978) 
developed a var iab le -order  model, which mainta ins a l l  essen t i a l  b i o f i l m  
cor~cepts w h i l e  p rov id ing  an e x p l i c i t  a n a l y t i c a l  s o l u t i o n  f o r  subs t ra te  
f l u x .  
Whi 1  e  t he  prev ious model s  were developed f o r  i n e r t  suppor t  media, 
t he  use o f  a c t i v a t e d  carbon i n  f i x e d - f  i l r ~ i  processes g r e a t l y  cornpl i c a  t e s  
t he  model ing procedure due t o  t he  s t r ong  adso rp t i ve  p rope r t y  o f  t he  carbon. 
I n  deve lop ing  a  model f o r  o rgan ic  ren~ova l  i n  a  g r a n u l a r  a c t i v a t e d  carbon 
column, Benedek (1980) s t a t e d  t h a t  f o u r  sequent ia l  s teps f o r  o rgan ic  
removal must be considered: ( a )  subs t ra tes  t r a n s f e r  f rom s o l u t i o n  t o  t he  
b a c t e r i a l  f i l m ,  ( b )  s imultaneous d i f f u s i o n  and r e a c t i o n  i n  t he  f i l m ,  
( c )  adso rp t i on  o f  nondegradable and degradabl e  organics,  and ( d )  desorp- 
t i o n  of o rgan ics  f rom the  carbon whenever depar tu re  f rom e q u i l i b r i u m  i s  
b rought  about by a  decrease i n  feed c o n c e n t r a t i o n  o r  by b a c t e r i a l  
acc l  ima t i o r ~  t o  p r e v i o u s l y  p o o r l y  degraded o rgan ics .  
J e n r ~ i  r~gs (1975) developed a  s  teady-s t a t e  model f o r  b i o l o g i c a l  
u t i l  i z a t i o r ~  o f  s o l u b l e  o rgan ics  i n  expanded-bed a c t i v a t e d  carbon columns. 
However, t h i s  model d i d  n o t  i n c l u d e  adequate d e s c r i p t i o n  o f  adso rp t i on  
dynamics, a1 though h i s  model appl  i e d  reasonably  we1 1  f o r  t h e  r e 1  a t i v e l y  
non-adsorbing compounds--glucose and sodium l ac ta te - -wh i ch  he s tud ied .  
Andrews and T ien  (1975) presented a  model f o r  b i o l o g i c a l  a c t i v i t y  i n  
up f low carbon columns by assuming complete m ix i ng  o f  t he  l i q u i d  phase 
and t he  carbon p a r t i c l e s .  T h e i r  model i s  n o t  p r e d i c t i v e  because i t  
r e q u i r e s  a  column data f o r  parameter eva lua t i on .  Peel and Benedek (1976) 
developed a  model which assumes p lug  f low c o n d i t i o n s  f o r  t he  l i q u i d  phase 
and a  s t a t i o n a r y  s o l  i d  phase. A d d i t i o n a l  assumptions c o n t a i n  a  mass 
t r a n s f e r  l i m i  t a t i o n  between the  b u l k  f l u i d  and t he  o u t e r  su r f ace  o f  t he  
b a c t e r i a l  f i l m .  T h e i r  model was found adequate f o r  p r e d i c t i n g  1  ong-term 
performance, a1 though i t p red i c ted  much h i g h e r  o rgan i c  removal a t  t he  
i n i t i a l  s t a t e  o f  column opera t ions  than a c t u a l l y  occurred.  More r e c e n t l y ,  
Ying and Weber (1979) developed a model f o r  an expanded-bed a c t i v a t e d  
carbon system by assuming a p l u g  f l o w  l i q u i d  phase and mass t r a n s p o r t  
c o n t r o l  o f  subs t ra te  uptake r a t e .  Both comple te ly  mixed so l  i d  phase 
and s t a t i o n a r y  s o l i d  phase assumptions have been used i n  model ing 
t h e i  r sys tem. 
3. SCOPE OF THE INVESTIGATION 
The o v e r a l l  goals  s f  t h i s  research were t o  ( a )  e l u c i d a t e  t h e  
mechanisms o f  methanogen attachment, growth, and l o s s  i n  an expanded-bed, 
comple te ly  mixed, anaerobic f i l t e r  packed w i t h  g ranu la r  a c t i v a t e d  carbon 
and ( b )  determine i f  low r e s i d u a l  o rgan ics  concen t ra t i on  can be achieved 
f rom such a  r e a c t o r .  The exper imenta l  r e s u l  t s  were empl oyed i n  t he  deve l -  
opment and v e r i f i c a t i o n  o f  a  rnathernatical model t o  be used i n  o p t i r r ~ i z i n g  
t he  des ign  o f  t h i s  process. 
A p i l o t - s c a l  e  comple te ly  mixed, expanded-bed, granul  a r  a c t i  - 
vated carbon anaerobic f i l t e r  was used as t h e  apparatus f o r  t h i s  study. 
A c e t i c  a c i d  was se lec ted  as t h e  s o l e  o rgan i c  carbon s u b s t r a t e  i n  t he  feed. 
The reason f o r  us ing  ace ta te  was t h a t  i t  prorr~otes o n l y  t h e  growth o f  
methanogens, which rep resen t  t he 'mos t  s e n s i t i v e  and s lowest  growing popu- 
l a t i o n  i n  anaerobic processes. Granular  a c t i v a t e d  carbon was se lec ted  as 
t h e  m i c r o b i a l  at tachment su r f ace  because p rev ious  s tud ies  have suggested 
t h a t  t h i s  medium a l l ows  f o r  a t t a i nmen t  o f  h i ghe r  a t tached  m i c r o b i a l  
accumulat ion and, consequent ly,  h i ghe r  o rgan ic  l o a d i n g  r a t e s  and lower  
r e s i d u a l  subs t ra te  concen t ra t ions .  S teady-s ta te  performance parameters 
were eva lua ted  f o r  two l o a d i n g  cond i t i ons  o f  ace ta te .  The exper imenta l  
da ta  were employed f o r  t he  development and e v a l u a t i o n  o f  a  mathematical  
b i  o f i l m  model t h a t  i n c l  udes t h e  i n t e r a c t i o n s  among b i o f i l m  growth, 
at tachment,  and l o s s ,  as w e l l  as subs t ra te  u t i l i z a t i o n .  
The s teady-s ta te  da ta  c o l l e c t e d  on t he  ace ta te - fed  anaerobic  
f i l t e r s  were employed t o  eva lua te  a  b i o f i l m  k i n e t i c  model f o r  t h e  com- 
p l e t e l y  mixed, expanded-bed anaerobic f i l t e r .  The proposed model inc ludes  
t r a n s p o r t  across a  l i q u i d  d i f f u s i o n  l a y e r  f o l l owed  by t r a n s p o r t  and 
u t i l i z a t i o n  w i t h i n  a  b i o f i l m .  For subs t ra te  u t i l i z a t i o n ,  a  Monod-type 
expression was used, wh i l e  the  growth r a t e  was described by a  growth 
y i e l d  c o e f f i c i e n t  minus a  biomass a t t r i b u t i o n  r a t e  found from t h e  
e f f l u e n t  vo l  a t i l  e  so l  i d s  concent ra t ion  and biomass decay. The proposed 
model was an advancement t o  the  model developed by Rittmann and McCarty 
(1980) because i t  inc ludes b i o f i l m  growth and l o s s  through decay and 
shear s t ress  loss;  however, t h e  a p p l i c a t i o n  o f  the proposed model was 
simp1 i f i e d  because o f  t h e  completely mixed nature o f  t h e  reac tors .  
Therefore, model eva lua t ion  focused on b i o f i l m  processes o f  subs t ra te  
u t i l i z a t i o n ,  mass t rans fe r ,  and b i o f i l m  growth and l o s s  w i thou t  becoming 
entangled i n  complex so lu te - t ranspor t  a lgor i thms.  
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R1 = L i q u i d  phase subs t ra te  removal by  d ispersed microorganism 
R2 = Subs t ra te  removal by b a c t e r i a l  uptake w i t h i n  t h e  b i o f i l m  
(M~T-') . R2 i s  equal t o  t he  mass t r anspo r ted  f r om t h e  bu l k  
l i q u i d  phase, i .e., 
i n  which D = Molecular  d i f f u s i v i t y  o f  t he  subs t ra te  i n  t he  l i q u i d  
2  A  = Sur face  area of  carbon p a r t i c l e s  covered w i t h  b i o f i l m  ( L  ) 
L  = L i q u i d  l a y e r  depth (L )  
Ss = Subs t ra te  concen t ra t i on  on t h e  b i o f i  l m  su r f ace  ( M ~ L - ~ )  
S ince t h e  1  i q u i d  phase s u b s t r a t e  removal by  d ispersed  micro-  
organism R i s  u s u a l l y  i n s i g n i f i c a n t ,  i t  can be neglected.  1  
S u b s t i t u t i n g  equa t ion  ( 2 )  i n t o  equa t ion  ( 1 )  and d e l e t i n g  t h e  
aqueous phase s u b s t r a t e  u t i l  i z a t i o n  r a t e  r e s u l t s  i n  
( b )  Subs t ra te  M a t e r i a l  Balance W i th i n  t he  B i o f  i l m  
Because t he  a c t i v e  b i o f i l m  th ickness  i s  g e n e r a l l y  l e s s  than  
150 pm (A tk i nson  and Fowler, 1974), w h i l e  t h e  r a d i u s  o f  a  carbon p a r t i c l e  
used i n  t h i s  s tudy  i s  500 pm, cu rva tu re  e f f e c t s  a r e  small , and t h e  carbon 
su r f ace  can be assumed t o  be f l a t .  
I n  re ference t o  F igu re  2, a  s teady -s ta te  subs t ra te  m a t e r i a l  
balance can be w r i t t e n  over  a  d i f f e r e n t i a l  d i s t ance  nz w i t h i n  t he  b i o f i l m :  
Flux i n  - Flux o u t  - Rate o f  subs t ra te  removal - 
i n  which 
Sf = subs t ra te  concen t ra t i on  w i t h i n  t h e  b i o f i l m  ( M ~ L - ~ )  
X f  = b i o f i l r n  m ic rob ia l  d e n s i t y  ( M ~ L - ~ )  
2 -1 Df = subs t ra te  d i f f u s i o n  c o e f f i c i e n t  i n  b i o f i l m  (L T ) 
z  = d is tance norrr~al t o  b i o f i l m  sur face  (L )  
k = maximum s p e c i f i c  u t i l i z a t i o n  r a t e  o f  subs t ra te  (MSMx - l T - l )  
KS 
= ha1 f - v e l  o c i  ty c o e f f i c i e n t  ( M ~ L " )  
D i v i d i n g  equat ion (4)  by az and l e t t i n g  az tend towards zero g ives :  
The appropr ia te  boundary cond i t i ons  are :  
Equations ( 5 ) ,  ( 6 ) ,  and (7 )  cannot be solved a n a l y t i c a l  l y  . By d e f i n i  rig 
* 
and z = Z / T  
equat ions (5), (6), and ( 7 )  can be transformed t o  dimensionless forms: 
w i t h  boundary cond i t i ons :  
* * * 
S f = S s  a t z  - 0  
ds; * * 
- -  - 0  a t z  = L f  
dz 
( c )  Ma te r i a l  Balance on Biomass 
For d e r i v i n g  a biomass ma te r i a l  balance f o r  a s teady-state b i o f i  l m ,  
the assumption o f  un i fo rm b i o f i l m  dens i t y  o f  a c t i v e  microorganisms d i c t a t e s  
t h a t  
i n  which 
Y = t he  t r u e  y i e l d  o f  b a c t e r i a  mass per u n i t  o f  subs t ra te  
mass u t i l  i zed  ( M ~ M ~ - '  ) 
b = the s p e c i f i c  decay o r  maintenance-respi rat ion c o e f f i c i e n t  
S 
= shear l o s s  o r  wash-off c o e f f i c i e n t  (T- I  ) 
Since steady-state removal i s  assumed, then a subs t ra te  m a t e r i a l  
balance f o r  a completely mixed r e a c t o r  d i c t a t e s  t h a t  
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5. RESEARCH PROCEDURE 
5.1 Exper imental  Apparatus 
The exper imenta l  apparatus used f o r  t h i s  s t udy  was a  comp le te ly  
mixed, expanded-bed a c t i v a t e d  carbon anaerob ic  b i o r e a c t o r .  F i g u r e  2  
represen ts  a  schematic diagram o f  t h i s  u n i t .  T h i s  r e a c t o r  system c o n s i s t s  
o f :  
a )  A  20-1, f o i l  -covered g l ass  r e s e r v o i r  c o n t a i n i n g  an a c e t a t e  so l  u t i o n  
n i n e  t imes more concent ra ted than  t he  d e s i r e d  feed  concen t ra t i on .  
The s o l u t i o n  was pumped i n t o  t h e  s u c t i o n  s i d e  o f  t h e  r e c y c l e  l o o p  o f  
t he  f i l t e r  u s i n g  a  p o s i t i v e  d isp lacement  FMI pump model RP-G6-ISAN 
( F l u i d  Meter ing,  Inc . ,  Oys te r  Bay, NY) . 
b)  A  5 0 4  po l ye thy l ene  r e s e r v o i r  c o n t a i n i n g a  s o l u t i o n  o f  t r a c e  n u t r i e n t s ,  
a m o n i a ,  and phosphate p resen t  a t  l e v e l s  9/8 t imes as concen t ra ted  as 
t h e  d e s i r e d  feed  concen t ra t i on .  The s a l t  d i l u t i o n  water  was pumped 
i n t o  t h e  s u c t i o n  s i d e  o f  t h e  r e c y c l e  l o o p  o f  t h e  f i l t e r  a t  a  f l o w  
r a t e  t h a t  was e i g h t  t imes t h e  f l o w  r a t e  o f  t h e  o rgan i c  concen t ra te  
us i ng  a  p o s i t i v e  d isp lacement  FMI pump model RP-G50-ISAN ( F l  u i d  
Meter ing,  Inc . ,  Oys te r  Bay, NY) . The sum o f  t h e  two f lows equa l l ed  
t h e  t o t a l  f l o w  t o  t h e  t r ea tmen t  system. 
c )  The main body o f  t h e  t r ea tmen t  system cons i s t ed  of a  j acke ted  column, 
an i n f l u e n t  header, an e f f l u e n t  s t r u c t u r e ,  a  r e c y c l e  loop,  and a  
cons tan t  temperature r e c i r c u l a t i n g  bath.  The j acke ted  column was 
cons t ruc ted  of Pl  e x i g l a s  ( F i g u r e  3 ) .  E f f l u e n t  r e c y c l e  f o r  expansion 
of t h e  a c t i v a t e d  carbon media was w i t h  drawn from a  p o r t  111 cm above 
t h e  main column base, The upper 25 cm o f  t he  column served as a  gas 
r-----++- ----; Gas Collection 
I 
I I System 
F igu re  2. Schematic Diagram o f  Expanded-Bed Anaerobic F i l t e r ,  
a f t e r  Suidan e t  a1 . (1983). 
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F i g u r e  3. Design D e t a i l s  o f  Anaerobic F i l t e r  Column, 
a f t e r  Suidan e t  a1 . (1  983) .  
1 i q u i d  separa t ion  compartment. The r e c y c l e  1  oop was constructed of 
1.27 cm PVC tube and a  model 1  P799-1/2 H. P. c e n t r i f u g a l  s t e e l  pump 
(Dayton E l e c t r i c  Manufactur ing Company, Chicago, I L )  . The gas 
c o l l e c t i o n  system cons is ted  of one 6 . 5 4  buret ,  two 4-L balar ic ing 
rese rvo i r s ,  and 6.5 L of displacement 1  i q u i d  (a  wet gas meter was 
employed as necessary). The constant  temperature c i r c u l a t o r  was 
used t o  ma in ta in  a  system temperature o f  35OC. 
5.2 Synthe t ic  Substrates 
The syn the t i c  substrates used i n  t h i s  study conta ined a c e t i c , a c i d  
as an organic  carbon source, as we l l  as var ious  s a l t s  and v i tamins .  Table 3  
1  i s t s  t he  s a l t s  and v i t a m i n s  added per gram o f  feed COD. The organic  
subs t ra te  was prepared i n  the  2 0 4  fo i l - cove red  g lass  r e s e r v o i r  a t  a  
s t reng th  t h a t  was 9  t imes t h e  requ i red  feed concent ra t ion .  The s a l t  so lu t i on ,  
on the  o t h e r  hand, was prepared i n  a 50-L po lye thy lene r e s e r v o i r  a t  9/8 t imes 
the  requ i red  feed s t rength .  Sodium hydroxide was added t o  t h e  organic  sub- 
s t r a t e  concent ra t ion  a t  1  eve1 s  t h a t  permi t ted  t h e  mai ntenance o f  c l  ose-to- 
neu t ra l  pH w i t h i n  t h e  reac to r .  
5.3 Research Procedure 
The column was charged w i t h  2.4 Kg of 16 x  20 Mesh granu la r  a c t i -  
vated carbon (Calgon Corp., P i t t sburgh ,  PA), and t h e  feed f l o w  r a t e  was 
ad jus ted  t o  r e s u l t  i n  an empty bed con tac t  t ime o f  approximately 1  day. The 
s e l e c t i o n  o f  t h i s  va lue  o f  res idence t ime was based on prev ious experience 
w i t h  t h i s  type o f  t reatment.  
The anaerobic f i l t e r  was p rev ious l y  used i n  another research 
c o n t r a c t  (Suidan e t  a1 ., 1983) where i t  was fed  a  m i x t u r e  o f  v o l a t i l e  f a t t y  
ac ids.  For  t h i s  study, t he  feed subs t ra te  t o  t h i s  r e a c t o r  was switched t o  
Table 3 
S a l t s  and Vi tamins Added Per Gram o f  Feed COD 
Compound Weight mg 
FeC1 7.48 
MnC1 2-2H20 1.82 
ZnC1 1  .26 
CaC1 2-2H20 0.79 
CoC1 2. 6H20 1  . l o  
Na2B407 -1 0H20 0.44 
( NH4 ) 2S04 
NH4C1 
CaC1 2-2H20 
MgC1 2*6H20 
B i o t i n  
Fol i c  Ac id  
Py r i dox ine  Hydroch lo r ide  
R i b o f l a v i n  
Thiamin 
N i c o t i n i c  Ac id  
Pantothenic  Ac id  
p-ami nobenzo i c  Ac id  
T h i o c t i c  Ac id  
800 mg/ l  o f  a c e t i c  ac id .  T h i s g a v e a f a i r l y  low l oad ing  r a t e  and was se lec ted  
t o  accentuate the  importance o f  the f i l t e r  media when biomass growth poten- 
t i a l  was r e l a t i v e l y  low. The anaerobic f i l t e r  was operated on  a cont inuous 
basis  u n t i l  s teady-state cond i t i ons  were observed. Steady-state cond i t i ons  
were def ined by a cons tan t  r a t e  o f  methane produc t ion  and by o n l y  small and 
random v a r i a t i o n s  i n  e f f l u e n t  s o l u b l e  COD, o rgan ic  carbon, and a c e t i c  a c i d  
1 eve1 s . 
The performance o f  t he  anaerobic f i l t e r  was monitored throughout 
the  experiment by the f o l  low ing  analyses: 
1.  i n f l u e n t  and e f f l u e n t  pH and a1 ka l  i n i t y ,  
2. e f f l u e n t  so lub le  COD, 
3. i n f l u e n t a n d  e f f l u e n t  t o t a l  COD, 
4. i n f l u e n t  and e f f l uen t  d isso lved  organic  carbon (DOC), 
5. i n f l u e n t  and e f f l uen t  a c e t i c  ac id  concentrat ion,  
6. e f f l u e n t  v o l a t i l e  s o l i d s ,  ammonia and organic  n i t rogen,  and 
7. gas produc t ion  r a t e  and composit ion. 
Once the anaerobic f i 1 t e r  reached steady-s t a t e  opera t ing  cond i t ions ,  . 
samples o f  g ranu la r  a c t i v a t e d  carbon were withdrawn from the  r e a c t o r  under 
anaerobic condl t i o n s .  The samples were analyzed f o r  o rgan ic  n i t rogen,  a 
measure o f  b i  ornass . 
Once the  f i r s t  steady s t a t e  was achieved and analyzed, t h e  same 
I 
procedure was repeated err~pl oy ing  tw i ce  the  a c e t i c  ac id  feed concent ra t ion  
used p rev ious l y .  
5.4 A n a l y t i c a l  Methods 
Sarnples obtained f rom the  i n f l u e n t  r e s e r v o i r s  and t h e  anaerobic 
f i l t e r  e f f l u e n t  and media were analyzed according t o  t h e  procedures i n  
Standard Methods f o r  the  Examination o f  Water and Wastewater, 15 th  e d i t i o n  
(1982), w i t h  t he  except ion o f  the  f o l l o w i n g  analyses: 
1.  Gas ana l ys i s  was performed on a F isher  Model 25V Gas 
P a r t i t i o n e r  us ing c e r t i f i e d  c a l i b r a t i o n  standards. 
2. Samples f o r  ace ta te  ana l ys i s  were a c i d i f i e d  t o  pH 2 
p r i o r  t o  gas chromatographic separat ion us ing a Hewlet t -  
Packard 5840 gas chromatograph and a 92-cm long, 2-mm I . D .  
g lass  column packed w i t h  0.3% Carbowax w i t h  0.1% phosphoric 
a c i d  on 60/80 Carbopack. 
3. Dissolved organic  carbon (DOC) was analyzed us ing  a 
Dohrmann Model DC-80 carbon analyzer (Environtech/ 
Dohrmann, Santa Clara, CA) . 
6. RESULTS AND DISCUSSION 
6.1 Experimental  Resu l ts  
P r i o r  t o  use i n  t h i s  study, the  same exper imenta l  apparatus was 
employed i n  another  p r o j e c t  f o r  t he  t rea tment  of a  s y n t h e t i c  wastewater 
c o n t a i n i n g  a  m i x t u r e  o f  v o l a t i l e  f a t t y  ac i ds  (Suidan e t  a1 . , 1983). Th i s  
wastewater conta ined a c e t i c ,  p rop ion i c ,  butanoic ,  and pentanoic  ac ids  a t  
concen t ra t ions  of 500, 100, 50, and 50 mg/ l ,  r e s p e c t i v e l y .  The anaerobic  
a c t i v a t e d  carbon f i l t e r  was operated on t h i s  wastewater f o r  a  pe r i od  o f  
260 days. Dur ing t h i s  per iod,  t h e  g ranu la r  a c t i v a t e d  carbon empty-bed 
h y d r a u l i c  d e t e n t i o n  t ime was mainta ined a t  one day, thus  r e s u l t i n g  i n  a  
COD vo l  ume t r i c  1  oading r a t e  of 0.862 ~ ~ / m ' - d a ~ .  The anaerobic a c t i v a t e d  
carbon f i l t e r  gave e f f i c i e n t  convers ion  o f  t he  v o l a t i l e  f a t t y  ac i ds  t o  
methane. Ace t i c  a c i d  was t he  on l y  v o l a t i l e  a c i d  de tec ted  i n  t h e  e f f l u e n t  
f rom the  f i l t e r .  Dur ing  t he  l a t t e r  50 days of o p e r a t i o n  o f  t h i s  f i l t e r ,  
s teady-s ta te  performance was observed. Dur ing  t h i s  per iod ,  r e s p e c t i v e  
reduc t i ons  i n  a c e t i c  ac id ,  COD, and DOC o f  94.0, 95.8, and 96.3 percen t  
were observed. 
The m i x t u r e  o f  v o l a t i l e  f a t t y  ac i ds  p resen t  i n  t h e  feed t o  t he  
anaerobic  f i l t e r  d u r i n g  t h e  p rev ious  s tudy r e s u l t e d  i n  i n f l u e n t  COD and 
DOC concen t ra t i ons  o f  862 and 340 mg/l, r e s p e c t i v e l y .  When t h e  p resen t  
s tudy was i n i t i a t e d ,  t he  feed t o  t h e  anaerobic  f i l t e r  was swi tched t o  
800 mg/ l  o f  a c e t i c  ac i d ,  hav ing COD and DOC l e v e l s  o f  853 and 230 mg/L, 
r e s p e c t i v e l y .  With t h e  g ranu la r  a c t i v a t e d  carbon empty-bed h y d r a u l i c  
d e t e n t i o n  t ime ma in ta ined  a t  t he  p rev ious  l e v e l  o f  one day, t h e  new mode 
o f  ope ra t i on  k e p t  t he  l o a d i n g  r a t e  on t h e  f i l t e r  v i r t u a l l y  unchanged. 
Th i s  pe rm i t t ed  t he  con t inued  ope ra t i on  o f  t he  f i l t e r  w i t h o u t  the  need f o r  
(an ex tended a c c l  i m a t i o r ~  per iod,  which acce le ra ted  t he  a t t a i nmen t  o f  
s  teady-s t a  t e .  
During the conduct of the present study, the completely mixed, 
expanded-bed, granular activated carbon anaerobic f i l  ter  was operated 
under two levels of feed acetate concentrations; these were 800 and 
1600 mg/L, respectively. The 800 mg/ l  acetic acid feed level was main- 
tained for  252 days, whereas the 1600 m g / l  concentration was fed to the 
system for 140 days. Figures 4-6 and 7-9 present the time-dependent 
response of the anaerobic reactor when fed 800 and 1600 mg/L of acetate,  
respectively. Table 4 presents the average "steady-state" performance 
for  both loading periods. 
The data presented in Figures 4-6 reveal that  relatively stable 
performance was attainable within a relat ively short period of time. The 
cumulative methane production data, presented in Figure 4,  i s  a l inear 
function of time and averages 1 .75 l of methane per day. The maximum 
potential for methane production i f  a1 1 the influent organic matter were 
util ized would be 1.93 l of methane per day. The total  steady-state COD 
concentration present in the effluent from the anaerobic f i  1 ter  averaged 
26 mg/l  or 3.05 percent of the influent 1 eve1 . Consequently, the steady- 
s t a t e  effluent total COD added to the chemical oxygen demand equivalent 
of the methane gas produced accounted for  93.72 percent of the COD entering 
the anaerobic system. The remaining 6.28 percent of the COD entering the 
system was not accounted for and may be at t r ibutable to a number of factors ,  
some of which are: ( a )  loss of methane by diffusion through Tygon brand 
tubing; ( b )  C O D  oxidation through sulfate  reduction, with some of the 
sulf ide produced being retained within the f i l t e r ,  th is  represents a 
maximum contribution of 2.90 percent; ( c )  experimental error;  and 
( d )  biomass accumulation. The eff l  uent concentration data presented 
in Figures 5 and 6 exhibited an appreciable degree of variation a t  f i r s t  
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Table 4. Average Steady-State Performance 
I n f l u e n t  
T o t a l  COD, m g / l  
So lub le  DOC, mg/R 
Acetate,  mg / l  
pH 
A1 k a l  i n i  ty , mg/R 
E f f  1  uen t  
T o t a l  COD, mg/R 
So lub le  COD, mg/R 
So lub le  DOC, mg/R 
Acetate,  mg/R 
T o t a l  Suspended So l i ds ,  mg/R 
V o l a t i l e  Suspended Sol i d s ,  mg/R 
pH 
A1 k a l i n i  ty, mgla as CaC03 
Gas 
-
Methane Produc t ion  Rate, R/day 
% CH4 
2 CH4 producedlg COD removal 
Oraanic N 
I n f  1 uen t  To ta l  , mg/R 
I n f  1  uen t  Sol ub l  e, mg/R 
E f f  1  uen t  T o t a l  , mg/R 
E f f l u e n t  Solub le ,  mg/R 
V i r g i n  Carbon, mg/g o f  carbon 
Carbon Samples, mg/g o f  carbon 
* Value a re  mean + s tandard d e v i a t i o n  
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The immediate doub l ing  of  t he  methane p roduc t i on  r a t e  as a  r e s u l t  
o f  t h e  doubl i n g  o f  the  i n f l u e n t  ace ta te  concen t ra t i on  f rom 800 t o  1600 mg / l  
i s  c o n t r a r y  t o  what was r e p o r t e d  p r e v i o u s l y  by Khan e t  a l .  (1981) and 
Suidan e t  a1 . (1981), who observed t h a t  an inc rease  i n  the  feed  subs t ra te  
l e v e l  t o  an anaerobic a c t i v a t e d  carbon f i l t e r  r e s u l t e d  i n  a  gradual 
increase i n  gas p roduc t i on  accompanied by an app rec iab le  degree of  sub- 
s  t r a  t e  adsorp t ion ,  which was f o l l  owed by b i  01 o g i c a l  r egene ra t i on  of t he  
carbon and f i n a l  l y  s teady-s ta te .  The p rev ious  i n v e s t i g a t o r s ,  however, 
used t he  s t r o n g l y  adsorbing catechol  and phenol as t h e i r  r e s p e c t i v e  sub- 
s t r a t e s ,  whereas i n  t h i s  s tudy  a  ve ry  p o o r l y  adsorb ing subs t ra te ,  ace ta te ,  
was used. The r e s u l t s  ob ta ined  f rom t h i s  s tudy  shed l i g h t  on t h e  per-  
formance o f  t h i s  system when adsorp t ion  i s  n o t  a  major  removal mechanism. 
For  p o o r l y  adsorb ing subs t ra tes ,  b iodegrada t ion  c o n t r o l s  t he  s u b s t r a t e ' s  
f a t e .  
6.2 Ana l ys i s  of  Steady-State B i o f i l r r ~  K i n e t i c s  
A b i o f i l m  k i n e t i c  model and i t s  assoc ia ted  assumptions were 
descr ibed i n  Sec t i on  4. Th is  model w i l l  be eva lua ted  us ing  t h e  steady- 
s t a t e  COD da ta  generated i n  t h i s  s tudy.  
6.2.1 Parameter Eva lua t i on  
Several  i n p u t  parameters a r e  r e q u i r e d  f o r  t he  b i o f i l m  model ; 
these a re :  
( a )  L i q u i d  Layer Thickness L  
L  can be c a l c u l a t e d  from the  equat ion  (Jennings, 1975) 
where 
D  = mo lecu la r  d i f f u s i v i t y  of the  s u b s t r a t e  i n  t he  l i q u i d  
( L'T-' ) (19)  
Rem = 2pd vs / ( l -E )  P  (20)  
S =I.r/pD C 
v  = s u p e r f i c i a l ,  o r  empty bed, f l o w  v e l o c i t y  through 
r e a c t o r  (LT- I  ) 
-1 -1 
~.r = abso lu te  v i s c o s i t y  o f  l i q u i d  (ML T  ) 
p = d e n s i t y  o f  l i q u i d  (ML-3, 
E = p o r o s i t y  o f '  bed 
d~ = d iameter  o f  spher ica l  p a r t i c l e s  ( L )  
(b )  Molecular  d i f f u s i v i t y  o f  t h e  s u b s t r a t e  i n  t he  1  i qu id ,  D  
Mo lecu la r  d i f f u s i v i  ty o f  a c e t a t e  i s  taken from repo r ted  
1  i t e r a t u r e  v a l  ues (Per ry  and Chi1 ton, 1973) and co r rec ted  t o  
35°C b y  t he  e m p i r i c a l  c o r r e l a t i o n  o f  W i l  ke and Chang (1955).  
where 
MB = mo lecu la r  we igh t  o f  s o l v e n t  
T  = temperature, O K  
~.r = s o l u t i o n  v i s c o s i t y ,  c e n t i p o i  ses 
VA = s o l u t e  mola l  volume a t  t h e  normal b o i l d i n g  p o i n t ,  
3  
cm /g mole 
@ = a s s o c i a t i o n  f a c t o r  f o r  so l ven t  
= 2.6 f o r  wa te r  as s o l v e n t  
( c )  Mo lecu la r  d i f f u s i v i t y  o f  t he  subs t ra te  i n  t h e  b i o f i l m ,  Df 
The mo lecu la r  d i f f u s i v i t y  w i t h i n  t he  b i o f i l m ,  Df, i s  l e s s  
than D, because a  s i g n i f i c a n t  p a r t  o f  the b i o f i l m  i s  made o f  
b a c t e r i a  and t h e i r  e x t r a c e l l u l a r  polymers. The r a t i o  Df /D = 0.8 
found by W i l l  iamson and McCarty ( 1976) i s  used i n  t h i s  s tudy.  
( d )  Monod h a l f - v e l o c i t y  c o e f f i c i e n t ,  Ks, maximum u t i l i z a t i o n  r a t e ,  k  
b i o f i l m  d e n s i t y  Xf,  t r u e  y i e l d ,  Y, and s p e c i f i c  decay 
c o e f f i c i e n t ,  b. 
These b i o l o g i c a l  parameters can i n i t i a l  l y  be taken f rom 
pub1 ished da ta  (A t k i nson  and Fowler, 1974; Lawrence and McCarty, 
1961 ; W i l l  iamson and McCarty, 1976) and a1 lowed t o  v a r y  reasonably  
t o  f i t  t h e  exper imenta l  data.  
( e )  B i o f i l m  th ickness,  Lf 
The s teady-s ta te  b i o f i l m  th ickness  can be c a l c u l a t e d  by 
equa t i on  (18 ) .  
Tab1 e 5 su~nrnari zed co l  umn parameters used as rna therr~a ti c a l  
model i n p u t s .  
6.2.2 Model V e r i f i c a t i o n  
The s teady -s ta te  b i o f i l m  k i n e t i c  model descr ibed  by Equat ions 12-14 . 
and 17-18 was so lved numerical l y  us ing  t he  model cons tan ts  giver1 i n  Tables 5 and 6. 
The da ta  i n  Table 6 rep resen t  t h e  model s o l u t i o n  and t h e  ac tua l  va lues o f  
t he  k i n e t i c  cons tan ts  used i n  o b t a i n i n g  these s o l u t i o n s .  The s u b s t r a t e  f l u x ,  
J~ , p r e d i c t e d  f o r  the  800 mg / l  feed a c e t a t e  c o n c e r ~ t r a t i o n  agrees ve ry  w e l l  
w i t h  t he  f l u x  va lue  compi led from the  exper i r~ ien ta l  da ta .  However, f o r  t he  
phase i n  which 1600 m g / l  o f  a c e t a t e  was f ed  t o  t he  system, t he  rr~athematical  
model p r e d i c t s  a  more than doub l i ng  o f  t h e  b i o f i l m  th ickness  and s u b s t r a t e  
f l u x .  Apparent ly ,  t h i s  i s  n o t  i n  agreerner~t w i t h  t h e  exper imenta l  data,  
s i nce  these da ta  suggest no o r  l i m i t e d  n e t  growth d u r i n g  t h e  second phase 
o f  t he  exper iment.  
Table 5 
Summary o f  Col umn Parameters 
Dry carbon p a r t i c l e  d e n s i t y  p g/cm3 P ' 
Bed p o r o s i t y ,  E 
Carbon p a r t i c l e  d iar r~eter  d cm P ' 
Mod i f i ed  Reynolds number, Rem 
Schmidt number Sc 
L i q u i d  l a y e r  th ickness  L, cm 
2 Plolecular d i f f u s i v i t y  i n  wate r  Dy cm /day 
Mo lecu la r  d i f f u s i v i t y  i n  b i o f i l m  Df, crnZ/day 
Weight o f  a c t i v a t e d  carbon W ,  gm 
To ta l  ex te rna l  su r face  area o f  carbon p a r t i c l e s  A ,  cm' 
loo 
An i n s u f f i c i e n t  number o f  s teady-state da ta  se ts  were c o l l e c t e d  
d u r i n g  the  s h o r t  d u r a t i o n  o f  t h i s  s tudy t o  a1 low f o r  accurate c a l i b r a t i o n  
o f  t he  mathematical model . Consequently, t he  model i ng attempted here 
should be regarded as an i n t r o d u c t i o n  t o  t h e  modeling t o o l  r a t h e r  than 
r e s u l t i n g  i n  r e f i n e d  parameters s u i t a b l e  f o r  performance p red i c t i ons .  
7. CONCLUSIONS 
Based on t h e  f i n d i n g s  o f  t h i s  study, the f o l l o w i n g  conclusions 
can be drawn: 
1  . The complete mix, expanded-bed , ac t i va ted  carbon anaerobic 
f i l t e r  i s  capable o f  achiev ing a  very h igh  COD removal e f f i c i e n c y  (96%) 
when subjected t o  re1 a t i v e l y  low feed aceta te  concentrat ions.  
2 .  Ac t iva ted  carbon p a r t i c l e s  prov ide  a  good medium f o r  
attached bac ter ia1  growth. 
3 .  A b i o f i l m  k i n e t i c  model which inc ludes a  1  i q u i d  d i f f u s i o n  
l a y e r  and a  homogeneous b i o f i l m  surrounding an i d e a l i z e d  carbon p a r t i c l e  
o f  spher ica l  shape appears t o  be adequate i n  desc r ib ing  the  steady-state 
COD removal i n  t he  anaerobic f i l t e r .  Fur ther  ref inerr~ents I n  the  selected 
k i n e t i c  constants are needed, however. 
REFERENCES 
Ames, W .  Fay V. C. Behn, and W .  Z. Co l l i ngs ,  1962. "Tt-ansient Operat ion 
of t he  T r i  c k l  i ng F i  1 t e r ,  " Journal o f  Sani t a r y  Engi neer i  ng D iv i s i on ,  
ASCEy 88, 21. 
- -  
Andrew~, G. F. and Chi Tien, 1975. "The I n t e r a c t i o n  o f  B a c t e r i a l  Growth, 
Adsorpt ion and F i  1 t r a t i o n  i n  Carbon Columns Trea t ing  L i q u i d  Waste," 
AIChE Symposi um Series, No. 152, Vol 71, 165. 
Andrews, G. F. and Chi Tien, 1979. "The Expansion o f  a F l u i d i z e d  Bed 
Conta in ing Biomass," AIChE Journal , - 25(4),  720. 
Atkinson, B. and I. S. Dauod, 1968. "The Anaology Between M ic ro -B io log i ca l  
Reactions and Heterogeneous Cata lys ts  ," Transact ions I n s t i  t u t i o n  o f  
Chemical Engineers, London, England, - 46, 19. 
Atkinson, B. and H. W.  Fowler, 1974. "The S ign i f i cance  o f  M i c r o b i a l  F i l m  
i n  Fermenters ," i n  Advance i n  Biochemical Engineering, Vol 3, 
T. K. Ghase, A. F iech ter ,  and N. Blackborough, Edsmy Spr ing  Verlag, 
New Y ork .  
Barbara, M., F. Flood and J. J e r i s ,  1980. " F l u i d i z e d  Beds Improve Treatment, 
Cut Costs," Water and Wastes Engineering, June, 35. 
B e l l ,  B. A,, J.  J e r i s ,  and J .  M. Welday, 1980. "Anaerobic F l u i d i z e d  Bed 
Treatment of Thermal Sludge Cond i t ion ing  Decant Liquor,"  Proceedings 
of t h e  Semi nar/Workshop, Anaerobic F i  1 t e r s  : An Energy P l  us f o r  
Treatment, U. S. Department o f  Energy ANI-/CNSV-TM-50, p 171. 
Benede k, A., 1980. "Simultaneous Biodegradat ion and Ac t i va ted  Carbon 
Adsorpt ion - a Mechanist ic Look," i n  Ac t i va ted  Carbon Adsorpt ion o f  
Organics from the  Aqueous Phase, Vol.  2. M. J .  McGuire and I. H. 
Su f fe t ,  Eds.9 Ann Arbor Science. 
Boening, P. H .  and V. F. Larsen, 1983. "Anaerobic F l u i d i z e d  Bed Whey 
Treatment," Proceedings of 37th Purdue I n d u s t r i a l  Waste Conference, 
May 1982. 
Bu t t s ,  J .  E., J .  E. La Padula, and K. A. Sanderson, 1978. "Soluble COD 
Removal i n  a F l  u i d i  zed-Bed B i o l o g i c a l  Reactor," Proceedi ngs o f  t h e  
32nd Purdue I ndus tri a1 Waste Conference, May 1977. 
Chian, E.S.K. and F. B. DeWalle, 1977. "Treatment o f  High Strength A c i d i c  
Wastewater w i t h  a Completely Mixed Anaerobic F i l  t e r ,  " Water Research, 
11, 295. 
-
Clark, R. H. and R .  E. Speece, 1970. "The pH Tolerance o f  Anaerobic 
Di  ges ti on," Proceedi ngs of t he  5 th  I n t e r n a t i o n a l  Conference on Water 
Pol 1 u t i o n  Research. 
DeWalle, F. B., E.S.K. Chian, and J. Brush, 1979. "Heavy Metal Removal 
w i t h  Completely Mixed Anaerobic F i l  ter,"  Journal Water Pol 1 u t i o n  
Contro l  Federat ion, - 51 (1  ) , 22. 
DeWalle, F. B., J. C. Kennedy, T. Ze is ig ,  and R. Seabloom, 1980. "Treatment 
o f  Domestic Sewage w i t h  the  Anaerobic F i l t e r , "  Proceedings o f  t h e  
Semi nar/Workshop, Anaerobic F i  1 t e r s :  An Energy P l  us f o r  Wastewater 
Treatment, U. S . Department of Energy, p. 143, ANL/CNSV-TM-50. 
Donovan, E. J., 1980. "Treatment of  High St rength  Wastes by an Anaerobic 
F i  1 ter , "  Proceedi ngs of the Semi nar/Workshop, Anaerobic F i  1 t e r s  : An 
Energy Plus f o r  Wastewater Treatment, U .S. Department o f  Energy, 
p . 1 79, ANL/CNSV-TM-50. 
El -Shaf ie ,  A. T. and D. E. Bloodgood, 1973. "Anaerobic Treatment i n  a 
Mu1 t i p l  e Upflow F i  1 t e r  Sys tem, " Journal Water Pol 1 u t i o n  Contro l  
Federat ion, %(I1 ) , 2345. 
Friedman, A. A., K. S. Young, D. G. Ba i ley ,  and S. J.  Ta i t ,  1980. "New 
Observation w i t h  Anaerobic Fixed F i  l m  Reactors," Proceedings o f  t h e  
Seminar/Workshop, Anaerobic F i  1 t e r s  : An Energy P l  us f o r  Wastewater 
Treatment, U .S. Department o f  Energy ANL/CNSV-TM-50, p. 95. 
F ros te l  1, B., 1979. "Anaerobic F i  1 t e r  Treatment o f  a D i l u t e  Synthet ic  
Wastewater," VATTEN 35/3:169. 
Fros t e l l ,  B., 1979. " I n f l uence  o f  Media Proper t ies  on the  Loadi ng Capaci t y  
o f  Anaerobic F i  1 te rs ,  " Swedish Water and A i r  Pol 1 u t i o n  Research 
Ins  ti t u t e .  
Genung, R. K., D. L. M i l l i o n ,  and W. W .  P i t t ,  1978. " P i l o t  P l a n t  Demon- 
s t r a t i o n  o f  an Anaerobic Fixed-Fi l m  B io reac to r  f o r  Wastewater 
Treatment," Biotechnology and Bioengineer ing Symposium No. 8, 329. 
HarremoEs, P., 1976. "The S ign i f i cance  o f  Pore D i f f u s i o n  t o  F i l t e r  
Deni tri f i ca t i on , "  Journal Water Pol 1 u t i o n  Contro l  Federation, 48(2),  377. 
Har r i s ,  N. P. and G. S. Hansford, 1976. "A Study o f  Substrate Removal i n  
a M i c r o b i a l  F i l m  Reactor," Water Research, - 10(1 I ) ,  935. 
Haug, R. T., S. K. Ruksit ,  and G. G. Wong, 1977. "Anaerobic F i l t e r  Treats 
Waste Ac t i va ted  Sludge," Water & Sewage Works, 40, February 1977. 
Holladay, D. W., C. W .  Hancher, D. D. Ch i lco te ,  and C.  D. Scot t ,  1977. 
"Biodegradat ion o f  Phenol i c Waste L iquors i n S t i  rred-Tank, Col urnnar, 
and F l  u i d i  zed-Bed B ioreac tors  ," AIChE Symposi um Ser ies,  No. 172, 
Vol . 74, pp. 241. 
Hovious, J. C., J. A. Fisher,  and R. A. Conway, 1972. "Anaerobic Treatment 
o f  Synthet ic  Organic Wastes," EPA 12020 Dis 01/72. 
Hovious, J.  C., G. T. Waggy, and R. A. Conway, 1973. " I d e n t i f i c a t i o n  and 
Contro l  o f  Petrochemical Po l l u tan ts  I n h i b i t o r y  t o  Anaerobic Processes ," 
EPA-R2-73-194. 
Huang, J. C. and C. T. S te f fe r~s ,  1977. "Competi t ive Adsorp t io r~  o f  Organic 
Ma te r i a l s  by Ac t i va ted  Carbon," Proceedings o f  31s t  Purdue I n d u s t r i a l  
Waste Conference, 107, May 1976. 
Hudson, J.  W., F. G. Pohland, and R. P. Pendergrass, 1979. "Anaerobic 
Packed Column Treatment o f  She1 1 f i s h  Processi  ng Wastewaters ," 
Proceedings o f  33rd Purdue I n d u s t r i a l  Waste Conference, p. 560. 
May 1978. 
Jennet t ,  J. C. and N. D. Dennis, 1975. "Anaerobic F i l t e r  Treatment o f  
Pharmaceutical Waste," Journal Water P o l l u t i o n  Contro l  Federat ion, 
4J(1), 104 
Jennings, P. A., 1975. "A Mathematical Model f o r  B i o l o g i c a l  A c t i v i t y  i n  
Expanded-Bed Adsorpt ion Col lrmns ,'I Ph .D. D i sse r ta t i on ,  Urli v e r s i  ty o f  
I l l i n o i s .  
J e r i s ,  J. S., C. Beer, and J. A. Mue l le r ,  1974. "High Rate B i o l o g i c a l  
Deni tri f i c a t i o r l  Usi  rlg a Granular F l u i d i z e d  Bed," Journal Water 
P o l l u t i o n  Contro l  Federation, 46(9) ,  2118. 
Jewel l ,  W .  J., M. S. Switzenbaum, and J. W .  Mor r is ,  1979. "Sewage Trea t -  
ment w i t h  t h e  Anaerobic Attached M i c r o b i a l  F i  l m  Expanded-Bed Process ," 
paper presented a t  t h e  52nd Ar~nual Conference o f  t h e  Water P o l l u t i o n  
Contro l  Federat ion. 
Khan, K. A., M. T. Suidan, and W .  H. Cross, 1981. "Anaerobic Ac t i va ted  
Carbon F i  1 t e r  f o r  t h e  Treatment o f  Phenol -Beari ng Wastewater," Journal 
Water Pol 1 u t i o n  Contro l  Federat ion, - 53, 1519. 
Lawrence, A. W. and P. L. McCarty, 1961. "K ine t i cs  o f  Methane Fermentation 
i n  Anaerobic Treatment," Journal Water Pol 1 u t i o n  Contro l  Federat ion, 
41(2), R1. 
Lee, D. D. and C. D. Sco t t ,  1977. "A Tapered F lu id ized-Bed  B i o r e a c t o r  f o r  
Treatment o f  Aqueous E f f l u e n t s  f rom Coal Conversion Processes," paper 
presented a t  AIChE 70th Annual Meet ing,  New York. 
Lovan, C.  R. and E. G.  Foree, 1972. "The Anaerobic F i l t e r  f o r  t h e  Treatment 
o f  Brewery Press L i q u o r  Paste," Techn ica l  Repor t  UKY 46-72-CE12, A p r i l  
1972, p. 1074. 
Mehta, D. S., H. H. Davis,  and R. D. Kingsbury,  1972. "Oxygen Theory i n  
B i  01 o g i c a l  Treatment P l  a n t  Desi grl," Journa l  Sani t a r y  Engi neerl'ng 
Di  v i  s ion ,  ASCE, - -  98, 471 . 
Mue l l e r ,  J. A. and J. L. Mancin i ,  1976. "Anaerobic F i l t e r - K i n e t i c s  and 
A p p l i c a t i o n "  Proceedings o f  30th Purdue I n d u s t r i a l  Waste Conference, 
p. 423, May 1975. 
Ngian, K. and W .R.B. Ma r t i n ,  1980. "Bed Expansion C h a r a c t e r i s t i c s  o f  
L i q u i d  F l  u i d i z e d  P a r t i c l e s  w i t h  At tached P l i c rob ia l  Growth ," 
Bio techno logy  and B ioeng ineer ing  , X X I  I, 1843. 
P a i l t h o r p ,  R. E., G.  A. R i ch te r ,  and J. W. F i l b e r t ,  1971. "Anaerobic 
Secondary Treatment o f  Po ta to  Process Wastewater, " paper presented a t  
t h e  44 th  Water P o l l u t i o n  Con t ro l  Federa t ion  Convention, San Franc isco,  
Cal i f o r n i a .  
Park in ,  G. F. and S. W. M i l l e r ,  1983. "Response o f  Methane Fermentat ion 
t o  Continuous A d d i t i o n  o f  Se lec ted  I n d u s t r i a l  Tox icants , "  Proceedings 
of 37 th  Purdue I n d u s t r i a l  Waste Conference, May 1982. 
Park in ,  G. F., R. E. Speece, and C. H .  Rang, 1980. "A Comparison o f  t h e  
Response o f  Methanogens t o  Tox i  cants ,  Anaerobi c F i  1 t e r s  vs . Suspended 
Growth Systems ," Proceedi ngs o f  t h e  Semi nar/Workshop, Anaerobic F i  1 t e r ;  
An Energy P lus f o r  Wastewater Treatment, U.S. Department o f  Energy 
ANI-/CNSV-TIVI-50, p. 37. 
Peel, R. and A. Benedek, 1976. "The Model ings  of Ac t i va ted  Carbon Adsorbers 
i n  t he  Presence of Bio-Oxidat ion," AIChE Symposium Ser ies,  No. 166, 
Vol. 73, p. 25. 
Perry,  R. H. and C. H. Ch i l t on ,  1973. "Chemical Engineers'  Handbook," 5 th  
Ed i t i on ,  pp. 3-224. 
Plummer, A. H., J r .  and J. F. Maline, J r . ,  1969. " S t a b i l i z a t i o n  o f  a Low 
So l i ds  Carbohydrate Waste by an Anaerobic Submerged F i l t e r , "  Proceedings 
of 23rd Purdue I n d u s t r i a l  Waste Conference, p. 462, May 1968. 
Raman, V. and N. Chakladar, 1972. "Upflow f i l t e r  f o r  Sep t i c  Tank E f f l uen ts , "  
Journal Water Pol 1 u t i o n  Cont ro l  Federat ion, - 44(8),  1552. 
Rittmann, B. E. and P. L. McCarty, 1981. "Substrate F lux  i n t o  B i o f i l m s  o f  
Any Thickness ,I' Journal  Environmental Engineering D i v i s i o n ,  ASCE, 107 
(EE4), 831 -850. 
Rittmann, B. E. and P. L. McCarty, 1980. "Model o f  S teady -S ta te -B io f i l h  
K ine t ics , "  Biotechnology and Bioengineering, X X I I ,  pp. 2343-2357. 
R i  ttmann, B. E. and P. L. McCarty, 1978. "Variable-Order Model o f  B a c t e r i a l  
F i l m  K i n e t i c s  ," Journal Environmental Engineering D i v i s i o n ,  ASCE, 104 
(EE5), 889. 
Rittmann, B. E., C. E. S t rub le r ,  and T. Ruzicka, 1982, " K i n e t i c s  o f  Anaerobic- 
F i  1 t e r  Pretreatment," Journal Environmental Engineering D i v i s i o n ,  ASCE, 
108 ( EE5), 900-91 2. 
-
Seidel ,  D. F. and R. W .  C r i t es ,  1970. "Eva lua t ion  o f  Anaerobic D e n i t r i f i -  
c a t i o n  Process," Journal San i ta ry  Engineering D i v i s i o n ,  ASCE, SA2, 267, 
A p r i l  1970. 
Suidan, M. T., W. H. Cross, M. Fong, and J. W .  Calver,  1981, "Anaerobic 
Carbon F i  1 t e r s  f o r  Degradation o f  Phenols," Journal  Environmental 
Engi nee r i  ng D i  v i s i on ,  ASCE , 107 ( EE3), 563-579. 
Suidan, M. T., J. T. P f e f f e r ,  Y .  T. Wang, C. E. S t r u b l e r ,  G. L. Siekerka, 
and S. W. Kao, 1983. "Anaerobic Treatrnerlt o f  G a s i f i e r  E f f l hen t s , "  
F i n a l  Repor t  t o  Department of Energy on Con t rac t  No. DE-AC21-80MC14713, 
1983. 
Sut ton,  P. M., D. F. Langley, K. E. Warner, and K. Park, 1980. "Ox i t r on  
System F l  u i d i z e d  Bed Wastewater Treatrnent Process: A p p l i c a t i o n  o f  
High S t reng th  I n d u s t r i a l  Wastewater," Proceedings o f  34 th  Purdue 
Indus tri a1 Waste Conference, p. 450, May 1979. 
Switzenbaum, M. S. and W. J. Jewel l ,  1978. "The Anaerobic At tached F i l m  
Expanded-Bed Reactor f o r  t h e  Treatment o f  D i  1 u t e  Organic Wastes ," 
U .S. Department o f  Energy Report  TID-29398, 1978. 
Tamblyn, T. A. and B. R. Sword, 1970. "The Anaerobic F i l t e r  f o r  t h e  
Derli tri f i c a t i o n  o f  A g r i c u l t u r a l  Subsurface Drainage," Proceedings 
o f  24th Purdue I n d u s t r i a l  Waste Conference, p. 1135, May 1969. 
Tay lo r ,  D. W., 1972. "Fu l l -Sca le  Anaerobic T r i c k l i n g  F i l t e r  Evaluat ion,"  
Proceedings o f  T h i r d  Nat iona l  Symposium on Food Process ing Wastes," 
EPA-R2-72-018, p. 151, March 1972. 
Tsezos, M. and A. Benedek, 1980. "A Method f o r  t h e  C a l c u l a t i o n  o f  B i o l o g i c a l  
F i l m  Volume i n  F lu id ized-Bed B i o l o g i c a l  Reactor," Water Research, 14, 689. 
Van Den Berg, L. and C. P. Lentz,  1980. "Comparison Between Up and Down 
Flow Anaerobic F ixed-Fi  l r r~  Reactor o f  Vary i  ng Sur face- to-Vol  urr~e Rat ios  
f o r  t he  Treatment o f  Bean Blanching Waste," Proceedings o f  34 th  Purdue 
I n d u s t r i a l  Waste Conference, p. 318, May 1979. 
Van Den Berg, L. and C.  P. Lentz,  1980. " E f f e c t  o f  F i l m  Area-to-Volume 
Rat io ,  F i l m  Support, He igh t  and D i r e c t i o n  o f  Flow on Performance o f  
Methar~ogeni c F i  xed-Fi l l l l  Reactors," Proceedings o f  t h e  Semi nar/Workshop, 
Anaerobic F i l t e r :  An Energy Plus f o r  Wastewater Treatment, U.S. 
Departrr~ent o f  Energy ANLICNSV-TM-50, p. 1 . 
Van der  Meer, R. R., J .  Van Brakel,  and P. M. Heer t jes ,  1976. "Anaerobic 
Treatment o f  D i l u t e  Wastewaters," D e l f t  Progress Report Sev. A, - 1, 143. 
Wilke, C. R. and P. Chang, 1955. " C o r r e l a t i o n  o f  D i f f u s i o n  C o e f f i c i e n t s  i n  
D i l u t e  Solut ions," - -  AIChE, 1, 264. 
Wil l iamson, D. and P. L. McCarty, 1976. " V e r i f i c a t i o n  Studies o f  t he  
B i o f i  l m  Model f o r  B a c t e r i a l  Substrate U t i  1 i za t i on , "  Journal Water 
Pol 1 u t i o n  Contro l  Federation, - 48(2), 283. 
Wil l iamson, K. and P. L. McCarty, 1976. "A Model o f  Substrate U t i l i z a t i o n  
by B a c t e r i a l  Fi lms, Journal Water P o l l u t i o n  Contro l  Federat ion, - 48(1), 9. 
Wilson, A. W. and P. L. Timpany, 1973. "Anaerobic Contact F i l t e r  f o r  
Treatment of Waste Sulphi  t e  Liquor," paper presented a t  t h e  59th 
Annual Meeting o f  t h e  Canadian Pulp and Paper Associat ion,  Montreal,  
Quebec. 
W i  tt, E. R., W. J. Humphrey, and T. E, Roberts, 1980. "Ful l -Sca le  
Anaerobic F i  1 t e r  Treats High St rength  Wastes ," Proceedings o f  t he  
34th Purdue I n d u s t r i a l  Waste Conference, p. 229, May 1979. 
Y i  ng, Wei-Chi and W. J. Weber, Jr., 1979. "Bio-Physicochemica1 Adsorpt ion 
Systems f o r  Wastewater Treatment: P r e d i c t i v e  Modelings f o r  Design 
and Operation," Proceedi ngs o f  33rd Purdue I n d u s t r i a l  Waste Conference, 
p. 128, May 1978. 
Young, J. C . ,  1968. "The Anaerobic F i l t e r  f o r  Waste Treatment," Ph.D. 
D i sse r ta t i on ,  S tan ford  Uni v e r s i  t y  . 
Young, J. C. and P. L. McCarty, 1969. "The Anaerobic F i l t e r  f o r  Waste 
Treatment ," Journal Water Pol 1 u t i  on Contro l  Federat ion, 41(5) ,  R160. 
